Abstract: Liquid crystalline thermosetting epoxy, 4,4'-diglycidyloxy-α-methylstilbene (DOMS) was synthesized and characterized with cross-polarized optical microscopy (POM) and differential scanning calorimetry (DSC). Carbon nanotube (CNT) or graphene reinforced DOMS composites were fabricated by melt blending with sulfanilamide (SAA) as a curing agent. To investigate the thermal degradation behavior, thermogravimetric analysis (TGA) was performed under nitrogen atmosphere in the temperature range from 30 to 1000 o C. Activation energies for decomposition (Ed) were determined by TGA as a function of the conversion by weight loss processes.
Introduction
Liquid crystals (LCs), discovered in 1888, are substances that exhibit long-range orientational order and either zero-, one-, or two-dimensional position order [1] . Although liquid crystalline behavior has been known for more than 100 years, liquid crystalline polymers (LCPs) have attained prominence recently. LCPs have many desirable characteristics for use as structural polymers, such as excellent dimensional stability, good mechanical properties in the direction of orientation, low thermal expansion, and good high temperature properties. However disadvantages of LCPs such as high melting point for processing and high cost turned researchers' attention to liquid crystalline thermosets (LCTs). LCTs are defined as low molecular mass liquid crystals with functional end groups attached, which can be crosslinked thermally, chemically, or photochemically locking in liquid-crystalline order. The advantages of LCTs include low shrinkage on curing, good mechanical properties and chemical resistance, higher fracture toughness than conventional thermosets [2, 3] . Their low viscosity during the initial stage of processing makes it possible to fill complicated mold easily or thoroughly penetrate fiber weaves or mats for fabricating composites. Many researchers have attempted to synthesize LCT monomers with acrylate and methacrylate, acetylene, epoxy, maleimide or nadimide, vinyl functional groups and cyanate ester functional groups [4−7] . Among these LCTs, liquid crystalline epoxies (LCEs) have been intensively studied because of their relatively well-known chemistry and their versatility in properties. One of the LCEs which has been focused on recently by many researchers is 4,4'-diglycidyloxy-α-methylstilbene (DOMS) [8−12] . They studied synthesis, mechanical and magnetic alignment, curing reactions with various curing agents and curing kinetics. The fracture toughness is known to be higher especially in the smectic LC state than in the isotropic state of the same LCE, since smectic LCTs exhibited highest fracture toughness due to bulk, homogeneous plastic yielding. The isotropic, non-LC based thermoset exhibited catastrophic, brittle failure and very low fracture toughness [13] . LCTs find applications in fields in which conventional thermosetting materials have been used, such as composites where the resins act as high rigid networks and matrices for advanced materials in automobiles and aerospace industries or adhesives, coatings, nonlinear optics, LC displays, electronic packaging and high performance engineering plastics where high thermal stability is required.
The thermal stability of polymer has a crucial influence on dimensional stability, service temperature and environmental conditions. In thermal analysis, the data may be analyzed by two methods. The most direct method is to record the compositional change in the properties recorded with the temperature, and the other method is to perform kinetic analysis to investigate the degradation mechanism and the kinetic parameters. The second approach, uses of nonisothermal procedures are more widely accepted because they are more convenient than the classical isothermal † Correspondence to Seung Hyun Cho (scho@ssu.ac.kr) ⓒ 2014 The Korean Fiber Society 열경화성 액정 에폭시계 복합재료의 열분해 거동
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Textile Science and Engineering, Vol. 51, No. 3, 2014 approach [14] . For non-isothermal data, isoconversional methods require a series of experiments at different temperature programs. For the multiple heating rate methods, the assumptions about the reaction order to calculate the activation energy are not necessary and kinetic analysis of thermal degradation has fewer errors than single heating rate methods. The most popular methods are by the differential method proposed by Friedman, and by the integral methods of Ozawa-Flynn-Wall, or Kissinger-Akahira-Sunrose [15] .
In this study, liquid crystalline epoxy monomer, DOMS was synthesized and characterized by POM, DSC and TGA. The composite was fabricated with conductive fillers such as CNT and graphene to investigate the effects of fillers to the thermal stability of LCT. The thermal analysis was performed for DOMS and composites and the activation energies for decomposition were calculated as a function of conversion by weight loss process by Flynn-Wall method [16] .
Experimental

Materials
Chloroacetone (96%) and isopropanol (99%) from Aldrich Chemical Co. and phenol (99%), dichloromethane (99.9%), epichlorohydrin, concentrated sulfuric acid, sodium hydroxide were used as received from Samchun Chemical Co. without further purification. CNT (GCN-701) by Jeio was refluxed with acid (nitric acid:sulfuric acid=1:3) and the graphene was used as received from Quantum Materials Co. (India).
Synthesis
Synthesis of Diol: Phenol (500 g), chloroacetone (222 ml) and dichloromethane (300 ml) were cooled to -10 o C with mechanical stirring in a 1 l beaker in a temperaturecontrolled cold bath. When solution became clear, sulfuric acid (141 ml) was added dropwise over 2 hrs by dropping funnel. After the completion of sulfuric acid addition, the mixture was reacted for additional 2 hrs with stirring at -10 o C. The viscous orange colored product was washed with iced water by vigorous stirring and washing was repeated until the product became pink slurry. The product was recrystallized with ethyl alcohol and the precipitate was filtered and recrystallization was repeated until the liquid became pH neutral. The pH was checked with pH paper. The white crystalline product (4,4'-dihydroxy-α-methylstilbene, DHAMS) was washed with deionized water and dried overnight in a vacuum oven at 70 o C. Synthesis of DOMS: DHAMS (100 g), epichlorohydrin (346 ml), isopropanol (281 ml) and distilled water (33 ml) were added to a three neck flask and refluxed under nitrogen atmosphere. The epichlorohydrin added were a lot excess to make sure the epichlorohydrin was reacted to the end of DHAMS molecules. 20% NaOH solution was prepared. 1/3 of NaOH solution was added to the refluxing mixture dropwise and reacted 1 hr. Then stirring was stopped and the mixture was allowed to form two layers. The water layer was then removed. This procedure was repeated two more times with the addition of the rest NaOH solution. The oil layer was separated and poured into distilled water and white precipitates was filtered and washed with acetonitrile to dissolve out excess epichlorohydrin. The product was filtered and dried in a vacuum oven at 50 o C. Figure 1 shows the chemical structures of synthesized DOMS epoxy and curing agent, sulfanilamide.
Characterization
Epoxy Equivalent Weight: One of the important characteristics of epoxy resins is the epoxy content, expressed as the epoxy number which is the number of epoxide equivalents in 1 kg of resin, or as the equivalent weight which is the weight in grams of epoxy resin containing 1 mole equivalent of epoxide. The epoxy content is used to calculate the amount of curing agent required. Because epoxies are typically cured with stoichiometric quantities of curing agent to achieve the best physical properties. The epoxy content of the epoxy resin expressed as epoxy equivalent weight (EEW) was measured by the method from the literature [17] . Concentrated aqueous hydrochloric acid (26 ml) was added to dimethylformamide (1 l) as a hydrochlorination reagent and mixed thoroughly with stirring. A 0.1N sodium hydroxide solution in methanol was used as received from Acros. About 2-4 meq of DOMS was weighed and dissolved with stirring in exactly 25 ml of hydrochlorination reagent and allowed to stand for 20 minutes at room temperature. Then the excess acid was titrated with the sodium hydroxide solution by checking withth pH meter. Two blank tests, which is hydrochlorination reagent without DOMS, were performed identically. Figure 2 shows the schematic picture of crosslinked junction.
Cross-polarized Optical Microscopy: The liquid crystalline phases and transition times were determined by crosspolarized optical microscopy. The POM data were obtained by using OPTIPHOT-POL by Nicon. A small amount of DOMS formulation was placed between glass microscope cover slips and heated and cooled at a rate of 10 o C/minute to 200 o C. Differential Scanning Calorimetry: To confirm the phase changes of DOMS, differential scanning calorimetry (DSC) was performed under Nitrogen atmosphere using Pyris Diamond DSC by Perkin Elmer.
Thermogravimetric Analysis: The thermal stability of DOMS and composites were investigated by thermogravimetric analysis (TGA) using Seiko Instruments TG/DTA 6200. A small quantity of sample was put in the TGA pan and the weight loss was observed in the dynamic scan under nitrogen flow over the temperature range of 25 to 1000 o C. The heating rates used to calculate the activation energies for thermal decomposition under nitrogen were 3, 10, 13, 20 and 40 o C/min. The activation energy of thermal degradation was calculated by Flynn-Wall method.
Results and Discussion
Synthesis
The liquid crystalline phase transition temperatures determined by cross-polarized optical microscopy and differential scanning calorimetry are shown in Table 1 . DOMS was monotropic liquid crystalline material as already known. Compared to enantiotropic LC behavior, monotropic LC is metastable for the entire temperature range. Figure 3 shows the DSC heating and cooling thermograph of this work. On heating, DOMS melts from a crystalline state into isotropic state and on cooling from isotropic state, it shows a nematic liquid crystalline state, then crystalline state. The polarized optical microscopy of DOMS in liquid crystalline state is shown in Figure 4 . It shows the liquid crystallinity with typical Schlieren texture of DOMS at 100 o C on cooling from isotropic state. The schlieren texture shows dark brushes, which correspond to the extinction orientation of the nematic liquid crystals.
Thermal Analysis
There have been researches about thermal degradation of LC materials by TGA. It is known that LCs containing large aromatic repeating units generally show high thermal stability. Thermal stability is one of the most important factors for processing and application of polymers because it is a crucial factor for the service temperature and the environmental conditions. Figure 5 shows the TGA thermograms of uncured DOMS which is the neat resin without SAA, cured DOMS without fillers, CNT in DOMS and graphene in DOMS. The curves of cured DOMS and DOMS with fillers show much higher thermal stability than the uncured neat resin. This is due to the fact that crosslinking improves heat resistance because more bonds must be cleaved to exhibit a weight loss or mechanical properties.
Even though the curve patterns of composites are similar to that of cured DOMS, which means the thermal decomposition of filler reinforced composites was caused by decomposition of DOMS, Table 2 clearly shows that the addition of CNT or graphene influenced the increase of initial decomposition temperature.
Kinetic Analysis for Thermal Degradation
Activation Energies for Decomposition: Among the semiempirical methods to determine the activation energy for thermal degradation (E d ), Flynn-Wall method is frequently used to determine the Ed of polymers. This method enables the determination of Ed from nonisothermal TG curves at different heating rates. The Ed at a defined mass loss is proportional to the slope, dq/d(1/T), of the linear dependence of the reciprocal absolute temperature where the mass loss occurs, 1/T, on the logarithm of the heating rate, q. Activation energies for decomposition (E d ) of DOMS-SAA-filler composite system were calculated according to the following equation. It is an integral method which allows determination of E d as a function of conversion α by a weight loss process as follows,
where E d is the overall activation energy for weight loss measured at conversion α, q is the heating rate, C is a constant, R is the gas constant and T is the absolute temperature where conversion α is reached at heating rate q.
The conversion was calculated as the ratio of actual weight loss to total loss corresponding to a given stage of the degradation process as follows,
where M o is the initial mass, M t is the mass at time t and M ∞ is the residual mass after completion of weight loss process. Figure 6 shows the Flynn-wall plot of 1/T vs ln q using five heating rates of 3, 10, 13, 20 and 40 o C/min at α=0.10− 0.70 for DOMS-SAA system. Figure 7 and Figure 8 show the Flynn-wall plot of 1/T vs ln q using five heating rates of 3, 10, 13, 20 and 40 o C/min at α = 0.10−0.70 for DOMS-SAA-CNT system and DOMS-SAA-graphene system, respectively.
The activation energies of thermal degradation for cured DOMS, DOMS-SAA-CNT and DOMS-SAA-graphene system were calculated by slopes of plots and they are compared in Figure 8 . The thermal degradation of polymers is generally complex, with more than one mechanism being effective depending on the degradation temperature. Therefore it is not easy to analyze the thermal degradation kinetics with only one method. Some papers have shown how a complete isoconversional kinetic analysis can be performed in association with various thermoanalytical data such as rheometry, DSC, DMA, and TGA [18] . From Figure 9 , activation energy values for decomposition are approximately constant over the range from initial to conversion at about 0.5, and then increasing during further degradation which might be due to the different decomposition mechanisms are affecting between initial and final degradation process and that the activation energies for initial decomposition are higher for CNT or graphene reinforced composite than cured DOMS without fillers. More discussion will be continued for the analysis of decomposition for these system with different thermoanalytical data.
Conclusion
The liquid crystalline epoxy monomer, DOMS were synthesized and characterized by POM and DSC to confirm the liquid crystallinity. The thermal properties of uncured DOMS, DOMS cured with curing agent SAA, CNT reinforced DOMS and graphene reinforced DOMS were characterized using TGA. The activation energies for the decomposition of cured DOMS, CNT reinforced DOMS and graphene reinforced DOMS system were calculated by Flynn-Wall method. By plotting the derivative of conversion against the inverse of temperature at the conversion, activation energies can be obtained from the slope. The initial degradation temperatures and calculated activation energies revealed that activation energy values for decomposition are approximately constant over the range from initial to conversion at about 0.5, and then increasing during further degradation, and also the CNT or graphene reinforced composites had higher thermal decomposition temperature and higher activation energies for initial thermal decomposition than the cured DOMS system without fillers. 
